Background: Due to the risk of peri-implantitis, following dental implant placement, this study aimed to evaluate risk indicators associated with marginal bone loss from a retrospective open cohort study of 4,591 dental implants, placed in private practice, with 5-to 10-year follow-up. Furthermore, the prevalence of mucositis and periimplantitis among the study cohort was evaluated, comparing strict versus relaxed criteria for bleeding on probing.
INTRODUCTION
Although dental implants have been reported to have fairly high survival rates of 95.7% at 5 years and 92.8% at 10-years, 1 it is also known that progressive marginal bone loss and periimplantitis remain a significant potential complication. [1] [2] [3] [4] The 2012 European academy of osseointegration (EAO) consensus report estimated the prevalence of peri-implantitis to be at 10% of implants and 20% of patients, 5 to 10 years after implant placement. 5 However, there was a wide range in reported prevalence, arising, in part, due to variable implant designs and variability in the thresholds applied for bone loss and soft tissue analysis.
The clinical definition of peri-implantitis, according to the Sixth European workshop on periodontology, refers to the presence of redness, swelling of mucosa, bleeding and/or suppuration, deepening of pockets adjacent to the implant and loss of supporting bone. 6 In practice, not every study includes pocket depth measurements, but most studies use marginal bone loss and soft tissue condition as parameters in the classification of peri-implantitis. The majority of studies determine soft tissue scores using a dichotomous system, e.g.: presence or absence of bleeding-on-probing (BOP) or suppuration, though some have used an ordinal BOP scale, thus contributing to the range in reported prevalence. 7, 8 To date, a number of risk indicators have been associated with marginal bone loss. These include patient-related factors such as smoking, periodontal disease, diabetes, and plaque control/oral hygiene; 9,10 implant-related factors such as design of the implant-abutment complex, and implant shape; [11] [12] [13] as well as surgically related factors including the use of bone grafting, 14 immediate placement, 15 site preparation and loading, 16 the degree of separation between implants, 17, 18 the presence of thin mucosal tissue 19 and soft tissue probing depth. 20 A further understanding of risk indicators associated with bone loss in private practice would aid in mitigating peri-implantitis.
The objective of this study was to evaluate risk indicators associated with marginal bone loss as observed in private practice, by evaluating changes in crestal bone level over time, from a retrospective cohort study of an initial 4,591 dental implants of various designs * with a mean of 32.2 months, with some cases up to 5-to 10-years followup. Furthermore, to assess the prevalence of peri-implantitis, this study aimed to calculate the rate of mucositis and periimplantitis using two different thresholds for bleeding on probing from an ordinal scale, while taking care in considering implant design related remodeling and timing of baseline measurements. * Straumann Dental Implant System, Institute Straumann, Basel, Switzerland.
MATERIALS AND METHODS
A description of the study cohort presenting explanatory variables and univariate and multivariate implant survival analysis has been previously published. 21 Details on recall and follow up are further described in a companion paper. 8 In brief, this was a retrospective study consisting of 2,060 patients with an initial total of 4,591 implants. All implants were placed between 1999 and 2012, in Calgary, with all surgeries and measurements performed by one periodontist (DF). No intra-examiner calibration was performed. Implant stability was evaluated at 2 to 3 months post-insertion, using a 35 Ncm torque test and radiographic bone measurements, which served as baseline for future evaluation of the crestal bone level (CBL). Follow-up was scheduled at 1-, 3-, 5-and up to 10 years. Follow-up was less defined after 5 years as patients generally returned for complications, new surgical site, or were large complex restorations. The study was approved by the Clinical Research Ethics Board at the University of British Columbia (Vancouver # H13-01664 titled UBC Implants) and was conducted in accordance with the Helsinki Declaration of 1975, as revised in 2000. All patients provided written informed consent to participate in the study.
The majority of the implants were standard design with regular or wide neck, diameters of 4.1 or 4.8 mm and lengths of 8, 10, or 12 mm. All surgeries were performed by open flap using surgical protocols described previously. 21 All implants, except for immediate socket or bone graft scenarios, were inserted in suitable prosthetic positions with good primary stability and the border between the machined neck and the micro-rough surface was positioned fully in bone for the circumference of the implant. The impact of guided bone regeneration and immediate socket placement on CBL was evaluated in addition to other risk indicators.
Radiographs were taken and evaluated by the same examiner that placed the implants (DF). For each case the real implant length served as the calibration value to derive the Distance from Implant shoulder to the first Bone to implant contact (DIB). 21, 22 CBL was defined as DIB minus the neck length (NL) of an implant with the following standardization values to account for different implant neck designs designs † : 2.8 mm for standard tissue level, 1.8 mm for standard plus tissue level and tapered effect, and 0 mm for bone level implants (see supplementary Figure 1 in online Journal of Periodontology). The CBL was a single score recorded as the greatest value from either the mesial or distal measurement as determined by examiner at each recall. Marginal bone loss (MBL) was defined as the change in CBL between subsequent time points during follow-up, using stage 2, i.e.: 3 months postinstallation, as the baseline.
The risk indicators evaluated in relationship to MBL included 1) pre-existing disease including autoimmune, diabetes types 1 and 2 and history of periodontitis, 2) heavy smoking (>15 cigarettes/day) and 3) bisphosphonate use, 4) implant location, 5) diameter, 6) implant design, 7) immediate loading, 8) bone defect (=GBR), and 9) insertion torque.
Peri-implant soft tissue was evaluated by probing with a light vertical probe force of 17 g using a calibrated force automated probe * or manual probe calibrated to about 17 g at six locations around the implant (mb, b, db, ml, l, dl) m = mesial, b = buccal, d = distal, l = lingual. 8, 23 The soft tissue condition based on probing was determined using the Implant Mucosal Index (IMI) which is a modification of the SBi 7 whereby 0 = no bleeding, 1 = minimal single-point bleeding, 2 = moderate multi-point bleeding, 3 = profuse multi-point bleeding, and 4 = suppuration. 8 Mucositis was determined using either the "strict" criteria, IMI ≥1, as an indication for mucositis or the "relaxed" criteria, IMI ≥2, as an indication of mucositis. We defined peri-implantitis as the combination of mucositis and MBL ≥1.0 mm, at least 1 year after installation.
Statistical analysis
CBL and MBL are scale variables and have been summarized by calculating the mean and median as central tendency statistics and the standard deviation, range and percentiles, as dispersion statistics. Linear mixed models were used in order to evaluate CBL as the main outcome variable as a function of time as well as the other explanatory variables. The results from the final model (Table 1) In order to calculate the prevalence of mucositis and periimplantitis at the implant level, mucositis (as either IMI ≥1 or IMI ≥2) and MBL ≥1 mm were cross-tabulated at 2 to 3 years, 4 to 5 years, 6 to 7 years, and 8 to 10 years.
The statistical analysis was performed with SPSS † and with R software. ‡ The significance level was set to 0.01.
RESULTS
The study cohort of 2,060 patients and 4,591 implants was followed for up to 133 months, with a mean of 32.2 ± 26.8 months. The number of implants for each time period was; n = 2,372 at 2 to 3 years, n = 1,178 at 4 to 5 years, and n = 560 at 6 to 10 years. There were 32 implant failures resulting in * Florida Probe, Gainesville, FL † IBM, Version 19.0, Armonk, NY ‡ R Foundation for Statistical Computing, Vienna, Austria cumulative survival rates of 99.3%, 99.0%, and 98.4% at 3, 5, and 7 years, respectively, as previously reported. 21 Of 32 failures recorded, 22 occurred before loading. Of the 10 failures that occurred after loading, four implants were related to periimplantitis and six implants failed in relationship to biomechanical load. For the current analysis the 32 failing implants were excluded; therefore, the analyzed cohort included 4,559 implants. Bone measurements were performed at 3 months then at years 1, 2 to 3, 4 to 5, 6 to 7, and up to 8 to 10 years after installation. Over the study period, the mean CBL increased from 0.06 ± 0.22 mm at stage 2 to 0.44 ± 0.81 mm at 8 to 10 years. Throughout the study period, the median CBL was 0 mm. At 8 to 10 years, 15% of implants exhibited a CBL >1.02 mm and 5% exhibited a CBL >2.28 mm. 8 The number of sites evaluated for each recall period (n, mean CBL ± SD) were: at stage 2, n = 4,524, CBL = 0.06±0.22; at 1-year, n = 3,532, CBL = 0.13±0.31; at 2 to 3 years, n = 2,372, CBL = 0.16±0.37; at 4 to 5 years, n = 1,178, CBL = 0.21±0.45; at 6 to 7 years, n = 389, CBL = 0.34±0.62, and at 8 to 10 years, n = 171, CBL = 0.44±0.81.
Risk indicators for bone loss (MBL)
All potential factors and related correlations were evaluated. Table 1 shows only variables that related significantly to changes in CBL over time in a multivariate model. Figures 1 through 3 illustrate the results of Table 1 . The "start" refers to baseline at 3 months).
Patient-related risk indicators
No significant effect on CBL was observed for diabetes (type 1 and type 2) nor history of periodontal disease.
Autoimmune disease
There was no difference in initial CBL at the start ( Figure 1A ) but an almost significant main effect was observed overall (P value = 0.04).
Smokers
At the start there was no difference with regard to CBL between heavy smokers and non-smokers ( Figure 1B ) but a significant main effect was found to exist (P value <0.01) as well as a significant interaction with time. MBL among heavy smokers was more rapid after 4 years ( Figure 1B ).
Bisphosphonates
There were 34 patients with 84 implants in this group with no implant failures ( Figure 1C ), although there were three sites with infections and also three other sites which required prolonged healing >6 months from stage 2 to pass torque test of 35 Ncm. An almost significant main effect (P value = 0.045) with no difference at start existed among the bisphosphonate group. There is no interaction between bone loss and time (the rate of bone loss is constant over time). § The difference between posterior maxilla and posterior mandible is non-significant. ‖ The difference between standard and standard plus, and between bone level and tapered is non-significant.
Implant-related risk indicators
The implant-related factors all showed an effect as follows:
Implant location
A significant difference in mean CBL existed as a function of implant location (Figure 2A ) already at the start (P value <0.01) with greater mean CBL for implants located anteriorly, compared with posterior mandible and posterior maxilla (see time = 0.25 in Figure 2A ).
Implant diameter
There was a significant difference in CBL as a function of implant diameter ( Figure 2B ) at the start, as well as a significant main effect and interaction with time.
Implant design
Pairwise comparisons for CBL at the start between the four implant design groups revealed a similarity between standard and standard plus implants as well as between bone level and tapered effect implants ( Figure 2C ). However, a significant difference (P value <0.01) was seen at the start between the two pairs with a greater mean loss observed for bone level and tapered effect implants.
Surgically related risk indicators

Immediate loading
A significant difference for mean CBL at the start with a significant main effect and a non-significant interaction with time was observed as a function of loading time ( Figure 3A) . Loading within 48 hours related to greater CBL but there was no difference between groups.
Bone defect
A significant increase in MBL was associated with implants inserted into bone with a defect compared with native bone ( Figure 3B ). A significant difference was already present at the start, with a greater mean CBL for implants inserted into a bone defect site as well as a significant main effect and interaction effect (P value <0.01). Using the strict criterion, the prevalence of peri-implantitis increased from 0.4% at 2 to 3 years to 7.7% by 8 to 10 years ( Table 2 ). The prevalence according to the relaxed criteria were lower (Table 3) showing only 5.9% at 8 to 10 years. At the patient level the prevalence of peri-implantitis at 8 to 10 years was 11.7% and 7.8% for strict and relaxed, respectively.
The prevalence of mucositis and peri-implantitis at implant and patient level
DISCUSSION
An analysis of risk indicators for changes in crestal bone level, as a measure of bone loss (MBL), surrounding dental implants F I G U R E 1 Bone level profiles * for patient-related factors A) autoimmune disease, B) smoking status, and C) bisphosphonate use.
* y-axis is not the same for different panels, therefore comparison between variables should be avoided has been reported in this study. Furthermore, the impact of the choice of thresholds in determining prevalence of mucositis and peri-implantitis has been considered. Importantly, this private practice report includes conventional patients and sites as well as at risk patients and at risk sites, therefore, unlike controlled studies with stringent selection criteria, it may better reflect the expected outcomes in daily clinical practice. 1, 24 The following patient related risk indicators were found to be significant with regard to MBL: autoimmune disease, smoking and bisphosphonate use. Patients taking steroids for other chronic conditions were pooled, at the patient level, with patients having active autoimmune disease. The presence of steroid use or autoimmune disease had no impact on early bone scores but then showed increasing MBL over time (Figure 1A) . The effect on MBL may result from the impaired bone healing owing to the osteopenic effect of steroids 25, 26 or the immune suppression in a manner similar to that seen on the rate of periodontal disease in patients with rheumatoid arthritis. 27 Furthermore, this may lead to the occurrence of sporadic infection events, which may have an outlier effect on average MBL; however, conclusions drawn were limited by the small sample of patients in this category.
Regarding smoking, the results confirmed that heavy smoking can have a significant effect on MBL ( Figure 1B) . However, this result may be limited by the low prevalence of heavy smokers, at less than 2%, which is low by international standards, but is the expected rate for a high socioeconomic status (SES) cohort in Canada. 28 As previously published in this cohort 21 and in other studies, 29 bisphosphonate therapy for osteoporosis, did not impact survival. However it did pose as a significant risk for MBL over time ( Figure 1C ). This is a unique finding in the literature and may reflect altered remodeling potential of bone, or it may also be the effect of a few outlier cases where sudden MBL was noted in some but not all bisphosphonate cases. Conclusions drawn are limited however as the duration or dose of bisphosphonate therapy was not recorded in this study. Interestingly, diabetes (pooled type 1 and type 2) was not found to have a significant effect on MBL. However, the majority were type 2 and the average follow-up was <4 years, therefore some diabetic cases may yet succumb to further MBL. More patients and a longer follow-up time are needed to better assess this result. Similarly, a history of periodontal disease (pooled chronic and aggressive) was not found to have a significant effect on MBL in this study. However, the protocol for implant placement in periodontally involved patients was that the site of extraction had healed completely and thorough pre-surgical root planing and regular recall was established. Conclusions are limited by an average of 4 years follow-up, which may not be enough to reflect the risk and that oral hygiene was not directly evaluated as a risk indicator, it was only observed indirectly via the soft-tissue IMI score. 8 As for implant factors, including location, diameter and design, all were found to be significant with regard to marginal MBL. A difference in CBL at the start was observed in various locations with the most MBL found early on at the maxillary anterior sites. This may relate to the thin crestal bone remodeling at these sites or also to the use of bone graft for esthetic augmentation. The posterior mandible and posterior maxilla had equivalent crestal bone levels at the start but then the rate of MBL in the posterior maxilla was found to increase at a faster rate when compared with other locations (Figure 2A ). This may be a result of crestal compression in lower density bone leading to MBL as described in finite element analysis. [30] [31] [32] Indeed it was noted that about 6% of sites had MBL that could not be directly attributed to inflammation with sites exhibiting MBL despite negative bleeding scores overtime (see blue band in supplementary Figs. 2 and 3 in online Journal of Periodontology).
An inverse relationship between implant diameter and bone loss was observed, whereby an increase of 1 mm in diameter was associated with a decrease in CBL by about 0.11 mm ( Figure 2B ). Though narrow implant diameters led to more MBL early on, they did not lead to a higher rate of bone loss over time, as seen by the slope in Figure 2B . Narrow implants are typically placed in either narrow ridges or narrow proximal spaces of lower incisors and upper lateral incisors, which also typically have a reduced bucco-lingual bone dimension. It is possible that the difference in MBL seen at narrow implants is an effect of remodeling of thin crestal bone. It is also possible that the steeper emergence profile at the neck of the RN platform on the narrow body parallel wall 3.3-mm implant had potential crestal compression during implant seating.
Regarding implant design, it is important to consider the initial MBL expected for each implant design. The 1-stage tissue level regular neck (RN) and wide neck (WN) implants, with 1.8-mm and 2.8-mm machined collars, are not affected by the microgap and typically have minimal MBL, i.e.: <0.5 mm. 13, 33 However, the one-stage tapered effect (TE) design was found to have increased initial MBL at base line (stage 2) ( Figure 2C ). For the TE design, the increased early MBL may be related to bone compression and a learning curve associated with placement of tapered implants. 12 Two stage platform switch implants typically have bone loss of about 0.5 mm. [34] [35] [36] For the bone level platform shift design, the initial MBL of about 0.2 mm was better than expected for a platform shift design ( Figure 2C ). Of note is that, despite the initial increase in MBL for the bone level design, the subsequent rate of change is comparable to the RN and WN polished collar designs.
Of the surgically related risk indicators, immediate implant loading and presence of a bone defect with bone grafting were found to have an effect on MBL. Immediate loading, within 48 hours, is found to have a significant effect on early MBL, in this case 0.08 mm ( Figure 3A ). This small increase in radiographic MBL may be explained by load concentrated at the crestal bone caused by micro-mobility of early loaded non-integrated implants. 37, 38 This may re-mineralize as the implant becomes integrated and the micro-mobility is reduced. Indeed, crestal bone seems to re-establish over time as seen in Figure 3A , the slopes eventually intersect, which indicates that the early MBL is recovered and that the rate of MBL is not related to immediate loading. This is in keeping with other studies that found bone loss was not related to immediate loading despite having an effect on implant survival. 39 Bone grafting of an osseous defect at the time of implant placement was also found to be a significant risk indicator for bone loss, as evidenced by the similarity of initial bone loss together with a significant interaction over time (different slopes) shown in Figure 3B with more MBL in grafted sites when compared with native bone. This is in support of systematic reviews of ridge augmentation that often show some loss of grafted bone volume and furthermore, it has been speculated that although the bone graft at time of placement may provide stable hard tissue, the basal bone may be the actual bone that is integrated to the implant. [40] [41] [42] 
Effect of threshold selection on reported prevalence of peri-implantitis
The choice of appropriate threshold in assessing prevalence of peri-implantitis is challenging, as evidenced by the range of reported estimates for peri-implantitis from 1% to 47%, 43, 44 with a 2012 EAO consensus reporting prevalence to be on the order of 10% of implants and 20% of patients. 5 Prevalence is typically determined by cross-tabulating bleeding-on-probing scores (BOP) with MBL, thus it is important to consider how each is determined.
BOP scores are typically recorded as either bleeding is present or absent and are used as an indicator for mucositis. Most studies, according to the EAO consensus of 2012, 5, 45 used this simple binary BOP score plus suppuration, while others used a binary BOP with no reference to suppuration while only one study used the ordinal sulcus bleeding index (SBI) 46 . Dental implants, however, tend to bleed upon probing more frequently and at lower thresholds of probing force than teeth. 47 Indeed in this current cohort, BOP was never below 35% at the implant level and it was ≥ 45% at the patient level over all time points. 8 Therefore an ordinal scale may offer more specific information about the peri-implant soft tissue and in this study a modification of the Sulcus Bleeding Index (SBI) which included suppuration, termed the Implant Mucosal Index (IMI), was used. The IMI has previously been shown to be a useful method to assess inflammation and, further, to relate each increase in IMI score with a doubling of MBL. 8 In this study, prevalence of mucositis varied from nearly 50% of patients using a "strict" BOP threshold (IMI ≥1) (49.5%) compared with 18.2% if using the "relaxed" IMI threshold (IMI ≥2) (see supplementary Tables 3 and 4 in online Journal of Periodontology).
As the implants used in the current study were either platform shift or 1-stage design <0.5 mm early MBL was expected to occur so a ≥1 mm MBL threshold was used as the MBL threshold. This is comparable to the threshold level of 1.2 mm loss beyond smooth-rough interface with implants of similar design. 22 Rodrigo et al. also evaluated MBL and recorded the highest score from mesial or distal sites, as was the method used in the current study. 15 Taking both soft-tissue and MBL thresholds into account, the prevalence of peri-implantitis determined in this retrospective study, using a criteria of a ≥1 mm MBL and a "strict" BOP score, was found to be 4.7% after 6 to 7 years (Table 2) , while the more "relaxed" soft-tissue threshold (IMI≥2), excluding minor bleeding, resulted in a rate of 3.6% at 6 to 7 years (Table 3) . A study of similar design also found a similar rate of peri-implantitis and mucositis. 48 In their study the prevalence of mucositis, as determined by probing depth >3 mm and BOP+ but no concomitant bone loss was 48% of implants. This is similar in that about half of the cases in the current study had some bleeding but not necessarily MBL. In the Roos-Jansåker et al. study peri-implantitis was defined as exposure of ≥3 threads (1.8-mm MBL) with BOP or suppuration and they revealed a fairly comparable prevalence of peri-implantitis at 7% for implant level.
One limitation in this study is that probing depths were not used, however these vary with soft tissue thickness, abutment and prosthetic design so are not easily compared between studies or between patients. The main limitation of this study is its retrospective nature with greater potential for missing data. Nevertheless, the high number of implants and the long follow-up provides important insights into the clinical outcomes that one can expect in private practice. Another limitation of this study is the number of patients lost during follow up, which limits the ability to draw conclusions beyond 4 to 5 years. Furthermore, no intra-examiner calibrations were done and all measurements were carried out by the clinician who placed the implants, thereby introducing a potential bias.
CONCLUSION
This open cohort, retrospective study evaluated risk indicators associated with marginal bone loss (MBL) through the analysis of 4,591 dental implants, of various designs, placed in private practice and followed-up for 5 to 10 years.
Significant risk indicators for bone loss were found to include autoimmune disease, heavy smoking, bisphosphonate therapy, implant location, diameter and design, and the presence of a bone defect at the site of placement. This study, using an ordinal scale for assessment of soft-tissue conditions, reported that the prevalence of mucositis at the implant level, at 6 to 7 years, was higher at 38.6% versus 14.2% using strict versus relaxed criteria, respectively. The prevalence of peri-implantitis was found to be 4.7% and 3.6%, using strict versus relaxed criteria, respectively. The results of this study highlight factors to consider when trying to prevent bone loss and further acknowledge the wide range of reported cases of peri-implantitis and the need for universal standards.
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